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Introduction {#Sec1}
============

Insulin resistance and type 2 diabetes mellitus are hallmarked by excess fat storage in visceral adipose tissue (VAT), liver, skeletal muscle, myocardial tissue and epicardial fat \[[@CR1]\]. VAT is tightly linked to insulin resistance and cardiovascular disease, independent of general obesity \[[@CR1]\]. Consequently, diet-induced reduction of VAT has greater impact on markers of insulin sensitivity and cardiometabolic risk than reduction of subcutaneous adipose tissue (SAT) \[[@CR2]\]. Hepatic steatosis is an independent predictor of cardiovascular disease, possibly by contributing to hepatic insulin resistance resulting in atherogenic dyslipidaemia \[[@CR1]\]. Excess hepatic fat accumulation can damage the liver itself when uncomplicated steatosis progresses to non-alcoholic steatohepatitis (NASH). In parallel, myocardial steatosis and excess epicardial fat are postulated to negatively affect myocardial function and coronary vasculature, respectively \[[@CR3]\]. Therefore, therapeutic interventions aimed at reducing excess ectopic fat storage might have a major impact on the cardiovascular prognosis of individuals with type 2 diabetes mellitus.

Liraglutide is a glucagon-like peptide-1 (GLP-1) receptor agonist (GLP-1RA) commonly used to achieve glycaemic control in individuals with type 2 diabetes. Liraglutide's actions include stimulation of glucose-dependent insulin release from beta cells, and promotion of satiety resulting in reduced energy intake and modest weight loss. Since modest weight loss, at least by energy restriction, is associated with a reduction in ectopic fat accumulation \[[@CR4]\], liraglutide might also have this effect. In addition, it has been shown in animal models that endogenous GLP-1 or GLP-1RAs exert pleiotropic actions in organs such as the liver and heart, and in animal studies it has been found that GLP-1 receptor (GLP-1R) agonism can decrease hepatic \[[@CR5]--[@CR7]\] and myocardial \[[@CR8]\] steatosis, independent of weight loss. In humans, studies with GLP-1RAs that assessed VAT and hepatic steatosis in individuals with type 2 diabetes have shown conflicting results, possibly related to use of different GLP-1RAs, treatment differences in control arms and varying baseline participant characteristics \[[@CR9]--[@CR15]\]. Furthermore, it has been shown that response to intervention may vary between different ectopic fat depots \[[@CR16]\]. Therefore, an integrated assessment on a multi-organ level is required to fully establish the potency of liraglutide in combatting ectopic fat and in long-term patient outcome. Probably due to technical challenges, myocardial steatosis and epicardial fat have been incorporated as read-outs in only few studies \[[@CR17], [@CR18]\].

Recent technical developments have enabled non-invasive direct quantification of ectopic fat depots in humans with high accuracy using MRI and proton magnetic resonance spectroscopy (^1^H-MRS) \[[@CR19]\]. Using these techniques, we assessed ectopic fat as a pre-specified secondary study of the previously published MAGNetic resonance Assessment of VICTO2a efficacy in the Regression of cardiovascular dysfunction In type 2 diAbetes mellitus (MAGNA VICTORIA) study \[[@CR20]\]. The primary purpose of that randomised placebo-controlled study was to evaluate the effect of liraglutide on left ventricular diastolic and systolic function in 50 individuals with type 2 diabetes. In the liraglutide group, early diastolic filling, stroke volume and ejection fraction reduced, compared with the placebo group. In keeping with the relationship between ectopic fat and cardiac function described above, the aim of the present study was to evaluate whether liraglutide reduces visceral fat, hepatic steatosis and myocardial steatosis.

Methods {#Sec2}
=======

Study design and participants {#FPar1}
-----------------------------

This study was part of the MAGNA VICTORIA study, which was an investigator-initiated randomised, double-blind, assessor-blinded, placebo-controlled, single-centre clinical trial with 26 weeks follow-up \[[@CR20]\]. Electronic supplementary material (ESM) Table [1](#MOESM1){ref-type="media"} provides an overview of the [ClinicalTrials.gov](http://clinicaltrials.gov) registered trial endpoints that have already been published, those reported in the present manuscript, and endpoints that will be published in future manuscripts. In short, the study aimed to include 50 participants (men and women) aged 18--69 years with BMI 25 kg/m^2^ or above and HbA~1c~ level of 53--86 mmol/mol (7.0--10.0%) despite use of metformin, and/or sulfonylurea derivative (SUD) and/or insulin. Main exclusion criteria were as follows: use of other glucose-lowering therapy; renal, hepatic or cardiovascular disease; gastric bypass surgery; chronic pancreatitis or previous acute pancreatitis; pregnancy or lactation; and MRI contra-indications. The trial was approved by the local ethics committee and performed in accordance with the principles of the revised Declaration of Helsinki. Written informed consent was obtained from all participants before study. The trial was conducted at the Leiden University Medical Center (LUMC), Leiden, the Netherlands and was registered at [ClinicalTrials.gov](http://clinicaltrials.gov) (registration no. NCT01761318).

Randomisation and treatment {#FPar2}
---------------------------

Included participants were randomised (1:1, stratification for sex and insulin use) to receive liraglutide (Victoza; Novo Nordisk, Bagsvaerd, Denmark) or placebo (provided by Novo Nordisk). The study drug was up-titrated to 1.8 mg once daily from week 3 onwards. The dose was reduced if necessitated by adverse events. During the study, blood-glucose-lowering drugs were titrated according to clinical practice guidelines by means of dose adjustment of SUD and/or insulin.

Blood examinations {#FPar3}
------------------

At study entry and at 26 weeks, blood examinations were performed after participants had fasted for at least 6 h. HbA~1c~ was measured using boronate affinity high-performance liquid chromatography (Primus Ultra; Siemens Healthcare Diagnostics, Breda, the Netherlands) throughout the first part of the study, and changed to measurement using ion-exchange high-performance liquid chromatography (Tosoh G8; Sysmex Nederland, Etten-Leur, the Netherlands) for subsequent measurements. HbA~1c~ values assessed by the boronate affinity method were corrected on the basis of the correlation coefficient derived from a validation experiment that used data of 196 samples measured on both analysers. All other blood samples were processed and analysed as described previously \[[@CR20]\]. Adiponectin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase and γ-glutamyl transferase (GGT) concentrations were measured with a Modular P800 analyser (Roche Diagnostics, Mannheim, Germany). Serum NEFA were measured using the NEFA C kit (Wako Diagnostics, INstruchemie, Delfzijl, the Netherlands).

MRI protocol {#FPar4}
------------

All participants underwent an MRI and ^1^H-MRS protocol using a clinical 3 Tesla Ingenia whole-body MR system (Philips Medical Systems, Best, the Netherlands) at baseline and follow-up. Participants were scanned in the supine position after they had fasted for at least 6 h. The body coil was used for transmission, and reception was achieved with a 16-element anterior array and 12-element posterior array. A 3D breath-hold dual-echo mDIXON sequence of the abdomen was performed (repetition time 3.5 ms; first echo time 1.19 ms; second echo time 2.3 ms; flip angle 10°; spatial resolution 16 × 17 mm; slice thickness 4 mm; slice gap 2 mm) with transverse slice orientation. Using MASS software (LUMC, Leiden, the Netherlands), post-processing involved generation of three 10 mm transverse slices with 2 mm slice gap at the level of the fourth and fifth lumbar vertebral bodies. Semi-automated segmentation of VAT and abdominal SAT was depicted by threshold-based inclusion of fat, with manual correction. VAT and SAT were calculated as mean area of fat in three slices. ^1^H-MRS of the liver was performed using a 20 × 20 × 20 mm voxel of interest, which was localised using a Point Resolved Spectroscopy Sequence (echo time 35 ms; repetition time 9 s for unsuppressed spectra and 3.5 s for water-suppressed spectra). The voxel was placed preferably in liver segment V, VI, VII or VIII. The position of the voxel at baseline was used to guide placement of the voxel at follow-up MRI in the same liver segment. Four signal averages were acquired without, and 32 with, water suppression using the Multiply Optimized Insensitive Suppression Train sequence. Spectra were acquired during free-breathing at end-expiration with pencil beam navigator-based respiratory triggering \[[@CR21]\]. ^1^H-MRS of the heart was assessed as described previously \[[@CR21]\]. The 15 × 25 × 40 mm voxel of interest was placed in the interventricular myocardial septum. Six signal averages were acquired without, and 48 with, water suppression. Otherwise, acquisition was the same as described above. Post-processing of proton spectra was performed with an in-house developed program as previously described \[[@CR21]\], before fitting the spectra in the time-domain using the Java-based MR User Interface (version 5.0; Katholieke Universiteit Leuven, Leuven, Belgium). An ECG-gated breath-hold high-resolution water-suppressed Black-Blood Turbo Spin Echo Sequence (repetition time 1000 ms; echo time 11 ms; flip angle 90°; voxel 1.09 × 1.12 mm) in four-chamber view at end-diastole was used to image epicardial and paracardial fat. Epicardial fat was defined as the inner layer directly covering the myocardial outer surface and paracardial fat as the outer layer of fat surrounding the heart. The atrioventricular plane was set to determine the basal border. Pericardial fat was defined as the sum of epicardial and paracardial fat. All images and proton spectra were assessor blinded.

Study endpoints {#FPar5}
---------------

We previously reported the primary endpoints of the MAGNA VICTORIA study that involved left ventricular diastolic and systolic function \[[@CR20]\]. The study endpoints VAT, SAT, hepatic triacylglycerol content (HTGC), myocardial triacylglycerol content (MTGC) and epicardial fat reported in the current manuscript were secondary endpoints of the MAGNA VICTORIA study. Other pre-specified endpoints were body weight, BMI, waist:hip ratio, HbA~1c~, serum triacylglycerols, NEFA, total cholesterol, HDL-cholesterol, LDL-cholesterol, adiponectin and liver enzymes. Endpoints that were not predefined were paracardial and pericardial fat.

Statistics {#FPar6}
----------

Data are shown as mean ± SD when normally distributed, or as median (interquartile range) when not normally distributed. For all presented study endpoints, we performed an ANCOVA of between-group differences of change from baseline, with randomisation arm as fixed effect and baseline measurement of dependent variable as covariate. In addition, a sensitivity analysis was performed that also included sex and insulin use as covariates in the ANCOVA model, since randomisation was stratified by sex and insulin use. Mean changes from baseline ± SD are reported for within group changes, and estimated treatment effect with 95% CIs are displayed for between-group differences. In addition to these pre-specified analyses, an assessment of associations between observed change in HTGC and change in HbA~1c~ was performed. First, correlation between change in HbA~1c~ and HTGC was estimated using Pearson's correlation. Subsequently, a stepwise multiple linear regression analysis was performed to assess the following: (1) unadjusted association of the independent variables change in HbA~1c~, sex, age, treatment group allocation and weight loss with the dependent variable change in HTGC; (2) adjusted association for the independent variables mentioned above. All statistical analyses were performed as described previously \[[@CR20]\]. We considered a *p* value of \<0.05 statistically significant.

Results {#Sec3}
=======

Participants were enrolled between December 2013 and September 2015, with the final participant visit taking place in March 2016. The trial flow chart was published previously \[[@CR20]\]. One participant in the liraglutide group withdrew consent before having received the study drug and was not included in intention-to-treat analysis, and one participant was withdrawn from the study because of frequent hypoglycaemic events (on further examination, a diagnosis of type 1 diabetes was made). In the placebo group, one participant was lost to follow-up. Intention-to-treat analysis was performed in 23 participants in the liraglutide group and 26 in placebo group. Baseline characteristics are shown in Table [1](#Tab1){ref-type="table"}. Sex, insulin use, age, lipid levels, smoking history and glycaemic control were comparable between groups. Liraglutide recipients had slightly higher BMI. During the study, SUD and insulin doses were titrated on ambulant glucose levels and HbA~1c~ values. This resulted in decreased total use of SUDs and insulin in liraglutide-treated participants and an increase in placebo-treated participants. An overview of concomitant drug use was described previously \[[@CR20]\].Table 1Baseline characteristics of trial populationCharacteristicLiraglutide (*n* = 23)Placebo (*n* = 26)Demographics Age, years60 ± 659 ± 7 Men14 (61)15 (58) Diabetes duration, years11 ± 611 ± 7 Diabetic retinopathy, *n*4 (17)2 (8) Diabetic nephropathy, *n*2 (9)11 (42) Diabetic neuropathy, *n*10 (44)7 (27) Diabetic macrovascular complications^a^, *n*2 (9)0 (0)Clinical variables Weight, kg98 ± 1494 ± 13 BMI, kg/m^2^32.6 ± 4.431.6 ± 3.4 Waist, cm111 ± 10109 ± 9 Hip, cm108 ± 8106 ± 7 Waist:hip ratio1.03 ± 0.061.03 ± 0.08 Systolic BP, mmHg141 ± 14141 ± 15 Diastolic BP, mmHg86 ± 687 ± 11 Triacylglycerols, mmol/l2.2 ± 1.52.1 ± 1.1 NEFA, mmol/l0.7 ± 0.20.8 ± 0.5 Total cholesterol, mmol/l4.8 ± 1.04.8 ± 1.0 HDL-cholesterol, mmol/l1.2 ± 0.21.3 ± 0.4 LDL-cholesterol, mmol/l2.6 ± 0.92.5 ± 0.9 HbA~1c~, mmol/mol67 ± 1265 ± 10 HbA~1c~, %8.4 ± 1.18.2 ± 1.0 Adiponectin, mg/l5.5 ± 2.46.5 ± 3.5 AST, U/l31 ± 1135 ± 21 ALT, U/l15 ± 713 ± 5 Alkaline phosphatase, U/l73 ± 2272 ± 19 GGT, U/l38 ± 2434 ± 19Smoking history Never smoked, *n*10 (44)8 (31) Current smoker, *n*4 (17)5 (19) Ex-smoker, *n*9 (39)13 (50)Concomitant drug use Metformin dose, g/day2.1 ± 0.72.0 ± 0.5 Sulfonylurea, *n*6 (26)8 (31) Insulin, *n*15 (65)17 (65) Anti-lipidaemic drug, *n*21 (91)19 (73) Anti-hypertensive drug, *n*18 (78)20 (77)Data are presented as *n* (%) or mean ± SD^a^Macrovascular complications were cerebrovascular or peripheral artery disease and not cardiovascular

Anthropometric measurements and laboratory values {#FPar7}
-------------------------------------------------

Changes in anthropometric and laboratory measures are displayed in Table [2](#Tab2){ref-type="table"}. Liraglutide significantly decreased body weight compared with placebo (liraglutide 98.4 ± 13.8 kg to 94.3 ± 14.9 kg; placebo 94.5 ± 13.1 kg to 93.9 ± 13.2 kg). In addition, both waist and hip circumference reduced in liraglutide- vs placebo-treated participants, without a difference in waist:hip ratio. There was no difference between groups for any of the laboratory measures (see Table [2](#Tab2){ref-type="table"}). HbA~1c~ differences from baseline were not different between groups. In liraglutide-treated participants, HbA~1c~ decreased from 66.7 ± 11.5 mmol/mol to 55.0 ± 13.2 mmol/mol (8.4 ± 1.1% to 7.3 ± 1.2%), and in placebo-treated participants HbA~1c~ decreased from 64.7 ± 10.2 mmol/mol to 56.9 ± 6.9 mmol/mol (8.2 ± 1.0% to 7.5 ± 0.7%).Table 2Within-group and between-group changes from baseline of anthropometric and laboratory measurementsVariableChange from baseline to 26 weeksMean (95% CI) change from baseline (liraglutide vs placebo)*p* valueLiraglutide (*n* = 23)Placebo (*n* = 26)Anthropometric measures Weight, kg−4.3 ± 3.80.1 ± 2.5−4.5 (−6.4, −2.6)\<0.001 BMI, kg/m^2^−1.5 ± 1.30.1 ± 0.8−1.5 (−2.2, −0.9)\<0.001 Waist, cm−1 ± 42 ± 4−3 (−5, −1)0.004 Hip, cm−2 ± 51 ± 2−3 (−5, −1)0.002 Waist:hip ratio0.01 ± 0.040.01 ± 0.040.00 (−0.02, 0.03)0.69Laboratory measures Triacylglycerols, mmol/l−0.5 ± 1.1−0.61.00.2 (−0.1, 0.6)0.18 NEFA, mmol/l−0.1 ± 0.2−0.1 ± 0.5−0.1 (−0.2, 0.1)0.39 Total cholesterol, mmol/l−0.7 ± 0.9−0.5 ± 0.6−0.22 (−0.59, 0.15)0.23 HDL-c, mmol/l−0.0 ± 0.10.1 ± 0.3−0.1 (−0.2, 0.1)0.22 LDL-c, mmol/l−0.4 ± 0.5−0.2 ± 0.5−0.17 (−0.44, 0.10)0.22 HbA~1c~, mmol/mol−11.6 ± 11.1−7.7 ± 9.4−2.9 (−8.1, 2.3)0.27 HbA~1c~, %−1.1 ± 1.0−0.7 ± 0.9−0.3 (−0.8, 0.2)0.27 Adiponectin, mg/l−0.5 ± 1.8−0.8 ± 2.00.2 (−0.9, 1.4)0.67 AST, U/l−6 ± 11−1 ± 222 (−3, 6)0.46 ALT, U/l16 ± 1214 ± 101 (−5, 7)0.78 AP, U/l5 ± 116 ± 8−1 (−7, 5)0.76 GGT, U/l1 ± 18−3 ± 113 (−6, 12)0.47Data are presented as mean ± SDAP, alkaline phosphatase; HDL-c, HDL-cholesterol; LDL-c, LDL-cholesterol

Ectopic fat {#FPar8}
-----------

The results of the MRI and MRS analysis of ectopic fat are summarised in Table [3](#Tab3){ref-type="table"}. ESM Table [2](#MOESM1){ref-type="media"} shows the sensitivity analysis with randomisation stratifiers sex and insulin use as additional covariates. The result of this analysis was similar to that of the primary analysis shown in Table [3](#Tab3){ref-type="table"}. Liraglutide did not reduce VAT compared with placebo. In contrast, liraglutide significantly reduced SAT compared with placebo. The between-group changes in the VAT:SAT ratio were not different (estimated mean treatment effect 0.03 \[95% CI −0.09, 0.04\], *p* = 0.43). ^1^H-MRS of the liver was technically not successful on two occasions (one baseline measurement; one follow-up measurement in a different participant), and one participant in the placebo group displayed a biologically implausible rise in HTGC from 1.7% at baseline to 39.5% at follow-up without changes in serum liver enzymes. This measurement was therefore excluded from analysis (sensitivity analysis revealed no differences after exclusion of this measurement, data not shown). ^1^H-MRS of the heart was successful on all but four occasions: one at baseline due to low signal-to-noise ratio and three at follow-up due to low signal-to-noise ratio or incorrect peak frequency. With regard to MTGC, there was also no significant treatment effect of liraglutide vs placebo. With regard to epicardial, paracardial and pericardial fat, between-group differences were not significant. None of the ectopic fat variables showed significant correlation with indices of left ventricular function that had been published previously \[[@CR20]\] (data not shown).Table 3Ectopic fat accumulationVariableLiraglutide (*n* = 23)Placebo (*n* = 26)Mean (95% CI) change from baseline (liraglutide vs placebo)*p* valueBaseline26 weeksChange from baselineBaseline26 weeksChange from baselineVAT, cm^2^207 ± 87203 ± 88−8 ± 33204 ± 63200 ± 550 ± 27−7 (−24, 10)0.41SAT, cm^2^361 ± 142339 ± 131−28 ± 40329 ± 107333 ± 1253 ± 30−29 (−51, −8)0.007HTGC, %18.1 ± 11.212.0 ± 7.7−6.3 ± 7.118.4 ± 9.414.7 ± 10.0−4.0 ± 4.6−2.1 (−5.3, 1.0)0.17MTGC, %1.5 ± 0.61.2 ± 0.6−0.3 ± 0.51.3 ± 0.51.2 ± 0.6−0.0 ± 0.5−0.1 (−0.4, 0.2)0.39Epicardial fat, cm^2^8.9 ± 4.39.1 ± 4.70.3 ± 3.09.6 ± 4.19.6 ± 4.60.0 ± 2.20.2 (−1.5, 1.8)0.85Paracardial fat, cm^2^25.7 ± 10.924.7 ± 10.9−1.1 ± 6.020.6 ± 10.022.0 ± 10.31.4 ± 5.7−1.8 (−5.2, 1.6)0.28Pericardial fat, cm^2^34.6 ± 13.433.8 ± 13.9−0.8 ± 7.430.2 ± 12.331.7 ± 12.41.5 ± 5.7−1.8 (−5.9, 2.3)0.39Data are presented as mean ± SD

Association between HbA~1c~ and hepatic steatosis {#FPar9}
-------------------------------------------------

Reduction of HbA~1c~ correlated well with reduction of HTGC in the whole cohort (*r* = 0.49, *p* = 0.001). Figure [1](#Fig1){ref-type="fig"} shows a scatterplot of the change in HbA~1c~ and change in HTGC between baseline and follow-up. The regression line had an unadjusted slope of 0.28 (95% CI 0.12, 0.44, *p* = 0.001). Stepwise multiple linear regression analysis revealed that, of the independent variables change in HbA~1c~, sex, age, treatment group allocation and weight loss, only change in HbA~1c~ significantly correlated with change in HTGC (ESM Table [3](#MOESM1){ref-type="media"}). After adjustment for sex, age, treatment group allocation and weight loss, the adjusted estimate of association for change in HbA~1c~ was 0.50 (*p* = 0.001).Fig. 1Scatter plot of HbA~1c~ vs HTGC difference (baseline -- follow-up at 26 weeks) for all participants. Circles, placebo; squares, liraglutide. The unstandardised regression line (*y* = 2.57 + 0.28*x*) with 95% CI is shown

Discussion {#Sec4}
==========

This study shows that, compared with placebo, liraglutide reduced body weight and subcutaneous fat but not visceral fat, hepatic steatosis, myocardial steatosis, epicardial fat, paracardial fat or pericardial fat. Despite a significant 4 kg weight loss in liraglutide-treated participants over 6 months, there was no reduction of ectopic fat accumulation.

In addition to blood-glucose lowering, liraglutide decreases energy intake and lowers body weight. In view of the preferential loss of VAT by modest weight loss induced by diet \[[@CR4]\], one would expect that liraglutide-associated weight loss would also diminish VAT. In this study, however, both waist:hip ratio and MRI assessment of abdominal fat are consistent with a preferential loss of SAT. While this result is in line with the findings of Suzuki et al., who used a dose of 0.9 mg liraglutide daily in a single-arm intervention study \[[@CR14]\], others have shown reduction of predominantly VAT by GLP-1RA treatment \[[@CR9], [@CR11]--[@CR13], [@CR22]\] or no effect on SAT or VAT \[[@CR10]\]. These studies were performed in type 2 diabetes patients with varying ethnicity, BMI and concomitant treatment regimes, making it difficult to compare results.

It is interesting to speculate on the mechanism by which liraglutide could preferentially diminish SAT. First, it can be hypothesised that liraglutide directly affects the lipogenesis:lipolysis ratio in adipose tissue by binding to GLP-1Rs in adipocytes. However, studies using validated specific methods have not been able to detect the canonical GLP-1R in adipocytes \[[@CR23]\], so other mechanisms are more likely. Probably, the abundance of GLP-1Rs in white adipose tissue arises from expression in non-adipocyte cells, such as vascular endothelial cells, peripheral neurons and/or macrophages, which have been shown to express GLP1-Rs \[[@CR23], [@CR24]\]. In mice, treatment with GLP-1 affects white adipose tissue macrophage phenotype, inflammatory cytokine profile, lipogenic gene expression and fat oxidation in conjunction with increased insulin sensitivity \[[@CR24]\]. Although these mouse studies provide a theoretical basis for a direct effect of GLP-1RAs on white adipose tissue, it is not known whether these mechanisms play a role in body fat distribution in humans. Another potential mechanism by which liraglutide could influence body fat distribution is the central nervous system. The autonomic nervous system has been shown to provide distinct innervation of VAT and SAT \[[@CR25]\], each having its own sympathetic and parasympathetic innervations with catabolic and anabolic effects, respectively \[[@CR26]\]. These findings, in combination with the knowledge that isolated central nervous system administration of GLP-1RAs can reduce body fat in mice with diet-induced obesity \[[@CR27]\], provide a theoretical basis for the hypothesis that liraglutide can alter body fat distribution via distinct action on sympathetic and parasympathetic stimulation with consequent lipolytic and lipogenic action, respectively.

Targeting hepatic steatosis is an important part of type 2 diabetes mellitus management. When considering the lack of beneficial effect of liraglutide vs placebo in our study participants, one must also consider that, in addition to placebo, concomitant SUD and insulin were titrated to reach the HbA~1c~ goal \<53 mmol/mol (7%). Therefore, our study is best compared with studies using active comparators against GLP-1RA treatment. In their open-label trial, Tang et al. treated individuals with type 2 diabetes with liraglutide vs insulin, resulting in comparable improvement in glycaemic control among treatment arms, and no between-group difference in liver fat fraction \[[@CR15]\]. Bi et al. reported corresponding results in their open-label randomised trial with exenatide vs insulin \[[@CR9]\]. In contrast to our study, several studies have shown that treatment with a GLP-1RA reduced HTGC when compared with treatment with insulin \[[@CR17], [@CR28]\]. Dutour et al. performed a randomised open-label study in which individuals with type 2 diabetes were treated with exenatide vs insulin and were assessed for HTGC after a standard meal and showed a 23.8 ± 9.5% relative reduction in HTGC for the exenatide group compared with a 12.5 ± 9.6% increase in the insulin group (*p* = 0.007) \[[@CR17]\]. Yan et al. also found HTGC to be significantly decreased in liraglutide-treated but not insulin-treated individuals \[[@CR28]\]. Although body weight and HbA~1c~ reductions in these studies were comparable with those reported in our study, an important difference was that individuals already using insulin were excluded in these studies. Whether that explains the discrepancy with our study is unclear because randomised studies comparing the effect of add-on GLP-1RA on liver fat in insulin-treated individuals are currently lacking. In a single-arm study by Petit et al., 68 individuals with type 2 diabetes (21% using insulin at baseline) were treated with liraglutide 1.2 mg once daily, resulting in a 31% RR reduction of hepatic steatosis \[[@CR29]\]. This cohort was compared against another study cohort with comparable baseline characteristics (*n* = 16) who underwent intensification of the glucose-lowering regimen with insulin and who showed a non-significant decline of liver fat fraction. Apart from the non-randomised design, the results of this study could have been influenced by the fact that patients also received instructions on healthy diet and exercise. The only study evaluating the effect of liraglutide on histological resolution of NASH was the Liraglutide Safety and Efficacy in Patients with Non-alcoholic steatohepatitis (LEAN) trial \[[@CR30]\]. This placebo-controlled randomised trial in 52 individuals with biopsy-proven NASH showed that liraglutide led to histological resolution of NASH. In this trial, however, only 33% of participants had type 2 diabetes and there was no active comparator, resulting in a significant improvement of HbA~1c~ in the liraglutide vs control group. In keeping with the hypothesis that reduction in HbA~1c~ is associated with reduction in HTGC, we and others \[[@CR9], [@CR15], [@CR31]\] have found a significant correlation between HbA~1c~ reduction and HTGC reduction. One theory could be that improved glycaemic control directly reduced HTGC (e.g. by decreased de novo lipogenesis via carbohydrate response element binding protein \[[@CR32]\]). However, in light of conflicting results in clinical studies, more research is needed to provide insight on this topic.

Myocardial steatosis is characterised by an increased triacylglycerol content in cardiomyocytes, as assessed by ^1^H-MRS of the heart. The abundance of intracellular triacylglycerols is associated with increased deposition of toxic lipids that interfere with cardiac energy metabolism and cell survival \[[@CR19]\]. In individuals with type 2 diabetes, myocardial steatosis is a predictor of concentric left ventricular remodelling, impaired systolic strain and diastolic dysfunction \[[@CR3], [@CR33]\]. Reversal of myocardial steatosis with very-low-energy diet is associated with improved left ventricular diastolic function \[[@CR34]\]. Based on these observations, and preclinical studies showing improved cardiac lipotoxicity in GLP-1RA-treated mice \[[@CR8], [@CR35]\] and in vitro protection from ceramide-induced cardiomyocyte apoptosis by GLP-1RA \[[@CR36]\], liraglutide might have the potential to reverse myocardial steatosis in individuals with type 2 diabetes. Conversely, our data do not support this hypothesis. This is also in conjunction with the fact that liraglutide did not ameliorate left ventricular myocardial relaxation (i.e. diastolic function) in this particular study population, and that left ventricular systolic function slightly decreased, presumably in relation to decreased left ventricular preload \[[@CR20]\]. These results are in keeping with another study performed in this particular research area \[[@CR17]\].

Excess epicardial fat accumulation is hypothesised to exert local effects by leading to secretion of inflammatory and metabolic peptides by tissues that might contribute to coronary artery disease. Epicardial adiposity has been linked to visceral obesity \[[@CR37]\] and coronary events \[[@CR38]\] and is a reversible phenomenon upon weight loss \[[@CR39]\]. However, there was no reduction in epicardial fat volume in liraglutide-treated participants in this study. As suggested by their shared origin, it might be that epicardial and visceral fat have responded likewise to liraglutide treatment \[[@CR40]\]. Iacobellis et al. and Dutour et al. did find a significant reduction in epicardial fat \[[@CR17], [@CR18]\] in their open-label studies. A possible explanation for this discrepancy could be the larger weight loss in these studies, which may have been based on their non-blinded study design.

Liraglutide has been shown to have a safe cardiovascular endpoint profile, with less major cardiovascular events compared with placebo added to standard care \[[@CR41]\]. There are many hypotheses on the mechanisms by which GLP-1RAs might reduce cardiovascular risk, including lowering of blood pressure, improved vascular endothelial function, improved lipid metabolism, reduced inflammatory profile, direct beneficial effect on the heart, and weight loss \[[@CR23]\]. Our finding that liraglutide does not reduce ectopic fat supports the hypothesis that weight loss is not the main driver of the cardiovascular benefit of GLP-1RA therapy.

The primary limitation of this study was that the presented outcome measures were not the primary outcomes of the MAGNA VICTORIA study. This could imply that the study was underpowered with regard to evaluation of the treatment effect on ectopic fat. In that regard, the 95% CIs of between-group changes from baseline are crucial to the interpretation of this study \[[@CR42]\]. In line with the fact that 5% mean weight loss difference between liraglutide and placebo-treated participants closely approximates the average weight loss use of liraglutide 1.8 mg in larger studies \[[@CR43]\], it is likely that the ectopic fat changes are also representative. Obviously, given the heterogeneity of our study population, we cannot exclude the possibility that certain subgroups of individuals (e.g. those with severe hepatic steatosis) might benefit from liraglutide therapy with respect to lowering hepatic steatosis.

In conclusion, this pre-specified secondary study showed that liraglutide did not reduce ectopic fat accumulation in individuals with type 2 diabetes, compared with placebo treatment added to standard care. Tight glycaemic control in both treatment groups was associated with reduced hepatic steatosis, with no added effect of liraglutide. From a clinical perspective, weight loss caused by liraglutide therapy might not be crucial for its beneficial cardiovascular actions, wherein other mechanisms such as inflammation and lipid metabolism are probably involved \[[@CR23]\]. Future studies are desirable to explore whether ectopic fat accumulation can be reduced with GLP-1RAs in certain subgroups, such as those with BMI \>35 kg/m^2^ and/or more severe hepatic steatosis.
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